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COMMENTARY ON THE APPROPRIATE RADIATION LEVEL FOR
EVACUATIONS1

Jerry M. Cuttler

䊐

Cuttler & Associates Inc.

䊐 This commentary reviews the international radiation protection policy that resulted in
the evacuation of more than 90,000 residents from areas near the Fukushima Daiichi NPS
and the enormous expenditures to protect them against a hypothetical risk of cancer. The
basis for the precautionary measures is shown to be invalid; the radiation level chosen for
evacuation is not conservative. The actions caused unnecessary fear and suffering. An
appropriate level for evacuation is recommended. Radical changes to the ICRP recommendations are long overdue.

Keywords: radiation protection, evacuation, nuclear accident, spontaneous DNA damage, stimulated
biodefences

It is very upsetting to read about the on-going fear and hardship suffered by the more than 90,000 residents, who were evacuated from areas
surrounding the Fukushima Daiichi Nuclear Power Station (NPS) in
Japan, and the enormous economic penalty, including the $55 billion
increase in the cost of fossil fuel imports in 2011, due to the shutdown of
almost all of the other NPSs (WNA 2012). As of December 1, more than
230,000 people have been screened with radiation meters (IAEA 2011).
The “deliberate evacuation area” was based on a projected radiation dose
of 20 milliSievert (mSv) per year (METI 2011a, IAEA 2012). The goal
aims to keep additional radiation exposure below 1 mSv annually, particularly for children (METI 2011a, 2011b). And a plan for assistance to the
residents affected has been developed (METI 2011b).
Japan is complying with international radiation protection recommendations that are based on the International Commission on
Radiological Protection (ICRP) policy of maintaining exposure to
nuclear radiation as low as reasonably achievable (ALARA). However, the
very precautionary measures are highly inappropriate.
As described by Edward Calabrese (2009), the International
Committee on X-Ray and Radium Protection was established by the
Second International Congress of Radiology in 1928 to advise physicians
on radiation safety measures, within a non-regulatory framework.
1
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Radiation protection was based on the “tolerance dose” (permissible
dose) concept. The initial level was 0.2 roentgen2 (R) per day in 1931,
based on applying a factor of 1/100 to the commonly accepted average
erythema dose of 600 R, to be spread over one month (30 days).3 It was
used as a means to determine the amount of lead shielding needed. Any
harm that might occur from exposures below the tolerance level was
acceptable. However, geneticists strongly believed the theory that the
number of genetic mutations is linearly proportional to radiation dose,
that mutagenic damage was cumulative and that it was harmful. They
argued that there was no safe dose for radiation; safety had to be weighed
against the cost to achieve it.
To avoid adverse effects, early medical practitioners began to control
their exposures to x-rays. For example, the British X-ray and Radium
Protection Committee was formed in 1921. A study of those who joined a
British radiological society revealed a significant health benefit (Smith and
Doll 1981). Table 1 shows the ratio of observed/expected numbers of
deaths of pre-1921 radiologists (in social class 1) and the ratio of post-1920
radiologists. A reduction from 1.04 to 0.89 is apparent for all causes of
death and from 1.44 to 0.79 for cancer deaths. Note that the pre-1921 radiologists had a 44% higher cancer mortality than other men in social class
1, while the post-1920 radiologists had a 21% lower cancer mortality.
After the bombing of Hiroshima and Nagasaki in World War II and
the start of the nuclear arms race, geneticists greatly amplified their concerns that exposure to radiation in medical products and atomic bomb
fall-out would likely have devastating consequences on the human population’s gene pool. Hermann J. Muller was awarded the Nobel Prize in
1946 for his discovery of radiation-induced mutations. In his Nobel Prize
Lecture of December 12, he argued that the dose-response for radiationinduced germ cell mutations was linear and that there was “no escape
from the conclusion that there is no threshold” (Calabrese 2011c, 2012).
There was great controversy and extensive arguments during the following decade regarding the past human experience, the biological evidence and the strong pressures from Muller and many other influential
scientists who migrated from science to politics. The International
Committee for Radiation Protection and the national organizations
changed their radiation protection policies in the mid-1950s. They reject2
The “equivalent dose” that corresponds to an exposure of 1 R depends on the energy of
the x- or γ-radiation and the composition of the irradiated material. For example, if soft tissue
is exposed to 1 R of γ-radiation, the dose would be approximately 9.3 mSv (Henriksen and
Maillie 2011).
3
In September 1924 at a meeting of the American Roentgen Ray Society, Arthur
Mutscheller was the first person to recommend this “tolerance” dose rate for radiation workers, a dose rate that could be tolerated indefinitely (Inkret et al 1995). This level corresponds
to 680 mSv/year.
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TABLE 1. Observed and expected numbers of deaths from cancer and all other causes among radiologists who entered the study prior to 1921 or after 1920.

ed the tolerance dose concept and adopted the concept of cancer and
genetic risks, kept small compared with other hazards in life. The belief
in low-dose linearity for radiation-induced mutations was accepted. The
acute exposure, high-dose cancer mortality data from the Life Span Study
on the Hiroshima-Nagasaki survivors was taken as the basis for predicting
the number of excess cancer deaths to be expected following an exposure
to a low dose of radiation or to low level radiation. However, the biology
is very different from this picture. Professional ethics require a proper scientific foundation for estimating health risks (Jaworowski 1999, Calabrese
2011a).
Throughout the 20th century, an enormous amount of research has
been underway in biology, on genetics and on the effects of radiation on
DNA. A very important article, a commentary by Daniel Billen, was published in the Radiation Research Journal (Billen 1990), which is highly
relevant to the great concern about the cancer or genetic risk from radiation. Permission was received from Radiation Research to republish it
here (appended).
This article points out that “DNA is not as structurally stable as once
thought. On the contrary, there appears to be a natural background of
chemical and physical lesions introduced into cellular DNA by thermal as
well as oxidative insult. In addition, in the course of evolution, many cells
have evolved biochemical mechanisms for repair or bypass of these
lesions.”
Spontaneous DNA damage occurs at a rate of ~ 2 x 105 natural events
per cell per day. Compare this with the damage caused by nuclear radia475
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tion. The number of DNA damaged sites per cell per cGy is estimated to
be 10-100 lesions, 100 to be conservative. A radiation level of 1 mSv delivered evenly over a year would cause on average less than 10 DNA damaging events per cell per year or 0.03 events/cell/day. This is 6 million times
lower than the natural rate of DNA damage that occurs in every person.
And this information has been known for more than 20 years.
The radiation in the environment around the Fukushima Daiichi NPS
is shown in Figure 1 (MEXT 2011). It is interesting to note that the radiation received by the plant workers, Table 2 (JAIF 2012), did not exceed
the tolerance level specified in 1931 for radiologists.
Recently, Calabrese discovered that Muller had evidence in 1946 that
contradicted the linear dose-response model at low radiation levels.
Muller did not mention this in his Nobel Prize lecture, suggesting that he
still wanted the change in radiation protection policy to proceed, from

FIGURE 1. Radiation in the Environment around the Damaged Fukushima Daiichi NPS.
TABLE 2. Radiation Exposures of the NPS Workers from 2011 March 11 until December 31.

Total

Number of Workers

Radiation Dose (mSv)

135
23
3
6
167

100 - 150
150 - 200
200 - 250
250 - 678
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the tolerance dose concept to a linear-no-threshold risk of cancer and
congenital malformations (Calabrese 2011b, 2011c, 2012).
How can ICRP recommendations still be based on protecting against
genetic risk at this level, when human suffering and economic costs are
so great? The ICRP has been progressively tightening its recommendations for occupational and public exposures, from 50 and 5 mSv/year
(ICRP 1958) to 20 and 1 mSv/year (ICRP 1991). Instead of ALARA, the
radiation level for evacuation should be “as high as reasonably safe,”
AHARS (Allison 2009, 2011). For nuclear accidents, the 20 mSv/y level
could be raised 50 times higher to 1000 mSv/y, which is similar to the natural radiation levels in many places (Jaworowski 2011). And when lowdose/level radiation stimulation of the biological defences against cell
damage and cancer is considered (Luckey 1991, UNSCEAR 1994, Cuttler
1999, Pollycove and Feinendegen 2003, Tubiana et al 2005, Cuttler and
Pollycove 2009), Figures 2 and 3, there is no reason to expect any increase
in cancer risk. It is very difficult to understand why the ICRP recommendations have not changed accordingly. There would have been no need
for this evacuation.

FIGURE 2. Dose-Response for Short-Duration Radiation Exposure (Cuttler 1999).
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FIGURE 3. Idealized Dose-Response Curve for Continuous Exposure (Luckey 1991). 1 deficient, 2
ambient, 3 hormetic, 4 optimum, 5 zero equivalent point, 6 harmful 7 ALARA, 8 AHARS.
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COMMENTARY
Spontaneous DNA Damage and Its Significance for the "Negligible Dose"

Controversyin RadiationProtection
DANIEL BILLEN'

Oak Ridge Associated Universities, Medical Sciences Division, P.O. Box 117, Oak Ridge, Tennessee 37831-0117

BILLEN,D. SpontaneousDNA Damage and Its Significance

for the "NegligibleDose" Controversyin RadiationProtection.
Radiat. Res. 124, 242-245 (1990). ? 1990AcademicPress,Inc.

One of the crucialproblemsin radiationprotectionis the
reality of the negligible dose or de minimus concept (1-4).

This issue of a "practicalzero"and its resolutionis central
to our understandingof the controversyconcerningthe existenceof a "safe"dose in radiologicalhealth.However,for
verylow levelsof environmentalmutagensandcarcinogens
includinglow doses of low-LETradiations(lessthan 1 cGy
or 1 rad), spontaneousor endogenousDNA damagemay
have an increasingimpact on the biologicalconsequences
of the induced cellularresponse.It is this issue that is addressedin this communication.
The followingdiscussionis intentionallylimitedto a comparisonof low-LETradiationsince its effectsare due primarilyto indirectdamagein cellularDNA broughtabout
by OH radicals.Indirecteffectsof low-LETradiationunder
aerobicconditionsare reportedto account for 50-85% of
measuredradiationdamagein cells (5, 6). High-LETradiation, on the otherhand,producesuniqueDNA damage(7)
primarilyby directeffects(5) whichis less likelyto be properly repaired(7).
Spontaneousor intrinsicmodificationof cellularDNA is
ubiquitousin natureand likelyto be a majorcauseof background mutations(8), cancer (9), and other diseases(10).
The documentationof this intrinsic DNA decay has increasedat a rapid pace in recent years and has not gone
unnoticed by contemporaryradiobiologists.Setlow (11)
and more recently Saul and Ames (12) summarizedthe
findings of Lindahl and Karlstrom(13) and others (14)
whichsuggestthat approximately10,000measurableDNA

modificationevents occur per hour in each mammalian
cell due to intrinsiccauses.
The current radiation literaturewill be interpretedto
show that -100 (or fewer) measurableDNA alterations
occur per centigrayof low-LETradiationper mammalian
cell. Thereforeevery hour human and other mammalian
cellsundergoat least50-100 times as much spontaneousor
naturalDNA damageas would resultfrom exposureto 1
cGy of ionizing radiation.Since backgroundradiationis
usually less than 100-200 mrem (1-2 mSv)/y, it can be
concluded, as discussedby Muller and Mott-Smith(15),
that spontaneousDNA damageis due primarilyto causes
otherthan backgroundradiation.
"INTRINSIC" OR "SPONTANEOUS" DNA DAMAGE

DNA is not as structurallystableas once thought.On the
contrary,thereappearsto be a naturalbackgroundof chemical and physicallesions introducedinto cellularDNA by
thermal as well as oxidative insult. In addition, in the
course of evolution, many cells have evolvedbiochemical
mechanismsfor repairor bypassof these lesions.
Some of the more common "natural"DNA changesinclude depurination,depyrimidination,deamination,single-strandbreaks(SSBs),double-strandbreaks(DSBs),base
modification, and protein-DNA crosslinks. These are
causedby thermodynamicdecay processesas well as reactive molecules formed by metabolic processesleadingto
free radicalssuch as OH, peroxides,and reactiveoxygen
species.

Shapiro(14) has recentlydiscussedand summarizedthe
frequency at which various kinds of spontaneous DNA
damageoccur. SpontaneousDNA damageevents per cell
per hourare shownin TableI and wereestimatedfromthe
data presentedby Shapiro[TableII (14)].
For single-strandedDNA of mammaliancells at least 8
X

1 Guest

Investigator, Medical Sciences Division. Oak Ridge Associated
Universities.
0033-7587/90 $3.00

103

damage events occur/cell/h, whereas for double-

strandedDNA there were -6 X 103 damage events per
hour (TableI). While the ratio of single-strandedDNA to
242
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TABLE I
EstimatedSpontaneousDNA DegradationEvents (Cell/h)a
Reaction

Single-strandDNA

Double-strandDNA

Depurination
Depyrimidination
Deaminationof cytosine
Chainbreakresulting

4000
200
4000

1000
50
15

from depurination

1000

-4000

Directchainbreak
a Calculatedfrom

-

reviews by Ward (16, 20) and assumes the molecular weight
of the mammalian genomic DNA to be 6 X 1012Da, constituting about 1%of the cell weight.
Ward [Table II (16)] lists the amount of energy deposited
in various DNA constituents/cell/Gy. From this table a total of 13.3 DNA events/cGy is calculated. His estimate of
damaged DNA sites/cell/cGy is 10-100. I chose the 100-lesion estimate to make as reasonable a conservative comparison with spontaneous DNA damage as possible (Table II).
This number of damaged sites would include both direct
and indirect DNA damage.

Shapiro(14).

double-stranded DNA varies with phase of the cell cycle, it
is reasonable to assume that double-stranded DNA is the
usual configuration for most cellular DNA at any one time.
From the data summarized in Table I it is not unreasonable
to suggest that, at a minimum, the spontaneous DNA damage is of the order of 6-10 x 103 events/cell/h and to use 8
X 103 DNA damage events/cell/h as a reasonable average
for the purpose of discussion. This allows a calculation of
1.9 x 105spontaneous cellular DNA damaging events/cell/
day or 7 x 107 per year in mammals including humans
(Table II). The lifetime load of spontaneous DNA damage
events per cell is then - 5 X 109 if an average life span of 75
years is allowed for humans.
DNA DAMAGE INDUCED BY IRRADIATION
Several recent reviews summarize the types and quantities of alteration of DNA in cells caused by exposure to
low-LET radiation (16-18). The reader should refer to
these for references to the original works from which the
reviews were drawn.
The estimate of about 100 DNA events/cell/cGy used in
this discussion is based on information contained in the

SPONTANEOUS VS INDUCED DNA
MODIFICATIONS AND THEIR
BIOLOGICALCONSEQUENCES
Wallace has recently reviewed the nature of the DNA
lesions caused by active oxidizing species produced both
naturally and by low-LET radiation (17). Oxidizing radicals and especially OH radicals resulting from either cause
produce similar types of DNA lesions (17-19). The enzymes involved in their repair are similar whether the DNA
damage is produced spontaneously or by radiation. However, radiation is known to induce an error-prone repair
system in bacterial cells and perhaps in mammalian cells as
well (21, 22).
DNA glycosylases and endonucleases are involved in the
repair of base damage. Other nucleases are available for
sugar damage repair (17). Recognition of the damage site
by the appropriate enzymes is dependent not on the initiating event but on the chemical nature of the end product.
These end products appear to be similar whether induced
by natural causes or radiation (17). It would seem reasonable to conclude that, due to common oxidizing radicals,
many of the qualitative changes in DNA are quite similar
for radiation-induced or spontaneous DNA damage.

TABLE II
DNA Damage Events per MammalianCell
SpontaneousDNA damageevents
Characterof event

Perhour

Peryear

DNA damage/cGya
10
0.4

breaks
Single-strand
Double-strandbreaks
Depurinationand/or
baselesions

1.4

-5 X 103

-4.4 X 107

0.8

-1.5 x 103
-1.25 x 103

-1.1 X 107

Totalevents

2.2

-8.0 x 103

-7 X 107

cGy equivalents
(1 cGy = 100 events)b

0.022

8.0 X 101

7 x 105

a From
b

Persecond

-1.4

X 107

9.5
~20

Ward (20).

DNA damagesuch as DNA-proteincrosslinkingand base modifications(18) occur, 100 events/cGyis used as a
Since other radiation-induced
"ballpark"valuefor ease of comparisonwith spontaneousevents.
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The quantity and distribution of each class of lesion may, DNA events/cell/year). This can be compared to the aphowever, differ significantly. As indicated earlier there proximately 7 X 107 DNA events/cell/years produced by
would appear to be relatively more DNA strand breaks than spontaneous causes.
Adler and Weinberg (24) have proposed that the stanother lesions resulting from spontaneous causes as compared to radiation insult. A good portion of these may result dard deviation of the background irradiation (-0.2 mSv)
from depurination (Table I) with production of 3' OH ter- be used as an acceptable additional dose due to human
mini ("clean ends") as part of the repair process.
activities. This would lead to 2 additional induced DNA
DNA
low-LET
radithe
strand
breaks
caused
of
damaging events/cell/year as compared to - 7 X 107spontaby
Many
ation are incapable of serving as primer for DNA polymer- neous DNA damage events. Considering the magnitude of
ase (23). However, endo- and exonucleases exist which can the spontaneously induced DNA changes in each human
restore these blocking ends to clean ends and allow comple- cell, it is not unreasonable to predict that 0.2 mSv delivered
tion of the repair process (17).
over a year would have negligible biological consequences.
When temporal considerations are factored in, it beA strong correlation exists between DNA DSBs and lein
mammalian
cells
for
low-LET
radiation.
While
comes
clear that spontaneous DNA damage in mammalian
thality
the quantity of DSBs produced by ionizing radiation is cells may be many orders of magnitude greater than that
fairly well documented, this is not true for spontaneous caused by low and protracted radiation doses, especially in
DSB production in mammalian cells.
the terrestrial background range of 1-2 mSv (100-200
In spontaneous DNA decay, formation of a DSB is likely mrem) per year. It is important that further studies on the
to be the result of single-strand events occurring in close effects of both ionizing radiations and spontaneous events
proximity on each daughter strand and leading to cohesive on DNA decay and repair be conducted to better underends which can be repaired easily by a ligation step.
stand the practical health consequences of low and proA survey of the literature on the doubling dose for muta- tracted doses of radiation (2, 9, 25).
genesis in eukaryotes exposed to low-LET radiation indicates a range of 4 to 300 cGy and for carcinogenesis a range
of 100 to 400 cGy. Using the "ballpark" value of approxiREFERENCES
mately 100 DNA events/cell/cGy, this would represent a
range of 400 to 40,000 induced DNA damage events per
1. J. P. DAVIS,
The futureof the de minimusconcept.HealthPhys.55,
379-382 (1988).
doubling dose. Using 100 cGy as the approximate doubling
2. NationalResearchCouncil,Committeeon the BiologicalEffectsof
dose, a total of 1 X 104 DNA damage events would be reIonizingRadiation,HealthEffectsof Exposureto LowLevelsof Ionquired to induce mutations in numbers equal to that obizing Radiation(BEIRV). NationalAcademyPress,Washington,
served in nature. This is approximately the number of
1990.
DC,
DNA events (8.0 X 103) produced spontaneously in each
3. NCRP,Recommendations
onLimitsforExposureto IonizingRadiacell/h (Table II).
tion,Report91. NationalCouncilon RadiationProtectionandMeaTHE NEGLIGIBLE DOSE CONTROVERSY
The comparison of low-LET radiation-induced DNA
damage with that which occurs spontaneously indicates (Table II) that a relatively large number of DNA damage events
can occur spontaneously during the lifetime of mammalian
and other cells.
Dose protraction over a period of weeks or months would
lead to an increasing ratio of spontaneous DNA damage
events to those caused by irradiation. By extrapolation
from high doses and high dose rate as discussed by Ward
(16, 20), 1 cGy delivered in 1 s would cause 40-50 times as
many DNA damaging events per cell as that caused spontaneously during the same time span (Table II). However, 1
cGy delivered evenly over 1 year would cause (on average)
less than 1 DNA damaging event per cell/day. This can be
compared to -2 x 105 natural events caused per cell/day.
From these numbers, it seems reasonable to suggest that
there does exist a "negligible" dose in the range of our terrestrial background annual radiation dose of -1 mSv (- 10

https://scholarworks.umass.edu/dose_response/vol10/iss4/6

surements,Bethesda,MD, 1987.
4. H. H. Rossi, The thresholdquestionand the searchfor answers.
Radiat.Res. 119, 576-578 (1989).
5. R. ROOTS,A. CHATTERJEE,
P. CHANG,L. LOMMEL,and E. A.
BLAKELY,Characterizationof hydroxyl radical-induceddamage
aftersparselyand denselyionizingirradiation.Int. J. Radiat.Biol.
47, 157-166 (1985).
6. D. BILLEN,Freeradicalscavengingandthe expressionof potentially
lethaldamagein X-irradiatedrepair-deficient
Escherichiacoli. Radiat. Res. 111, 354-360 (1987).
7. M. A. RITTER,J. A. CLEAVER,
and C. A. TOBIAS,High-LET radia-

tionsinducea largeproportionof non-rejoiningDNA breaks.Nature
266, 653-655 (1977).
8.

J. W. DRAKE,B. W. GLICKMAN,
and L. S. RIPLEY,Updating the

theoryof mutation!Am. Sci. 71, 621-630 (1983).
9. B. N. AMESand C. E. CROSS,Oxygenradicalsand humandisease.
Ann.Intern.Med. 107, 526-545 (1987).
10.

B. HALLIWELL,
Oxidants and human disease: Some new concepts.

FASEBJ. 1, 358-364 (1987).
11.

R. B. SETLOW,DNA repair, aging and cancer. Natl. Cancer Inst.

Monogr.60, 249-255 (1982).
12. R. L. SAULand B. N. AMES,Backgroundlevelsof DNA damagein
the population.Basic Life Sci. 38, 529-535 (1986).

10

COMMENTARY
13.
14.

15.

16.

17.

18.
19.

245

Cuttler: Radiation
evacuations
F. WARD,Radiation chemical methods of cell death. In ProceedT. LINDAHLand B. KARLSTROM,
20.for J.
Heat induced depyrimidation
of level
DNA. Biochemistry 25, 5151-5154 (1973).
ings of the 8th International Congress of Radiation Research (E. M.
Fielden, J. F. Fowler, J. H. Hendry, and D. Scott, Eds.), Vol. II, pp.
R. SHAPIRO,
Damage to DNA caused by hydrolysis. In Chromosome
162-168. Taylor & Francis, London, 1987.
Damage and Repair (E. Seeberg and K. Kleppe, Eds.), pp. 3-18.
21. J. POHL-RULING,
and 0. HAAS,Effect of low-dose acute
P. FISCHER,
Plenum, New York, 1981.
x-irradiation on the frequencies of chromosomal aberrations in huH. J. MULLER
and L. M. MOTT-SMITH,
Evidence that natural radioacman peripheral lymphocytes in vitro. Mutat. Res. 110, 71-82 (1983).
tivity is inadequate to explain the frequency of natural mutations.
22. S. WOLF,Are radiation-induced effects hormetic? Science 245, 575
Proc. Natl. Acad. Sci. USA 16, 277-285 (1935).
(1989).
J. F. WARD,DNA damage produced by ionizing radiation in mammalian cells: Identities, mechanism of formation, and repairability. 23. C. VONSONNTAG,
U. HAGEN,A. SCHON-BOPP,
and D. SHUTT-FROHProg. Nucleic Acid Res. Mol. Biol. 35, 95-125 (1988).
LINDE,Radiation-induced strand breaks in DNA: Chemical and enzymatic analysis of end groups and mechanistic aspects. Adv. Radiat.
S. S. WALLACE,
AP-endonucleases and DNA-glycosylases that recogBiol. 9, 109-142 (1981).
nize oxidative DNA damage. Environ. Mol. Mutagen. 12, 431-477
24. H. I. ADLERand A. M. WEINBERG,
An approach to setting radiation
(1988).
standards. Health Phys. 52, 663-669 (1987).
F. HUTCHINSON,
Chemical changes induced in DNA by ionizing radiation. Prog. Nucleic Acid Res. Mol. Biol. 32, 115-154 (1985).
25. J. R. TOTTER,Spontaneous cancer and its possible relationship to
H. JOENJE,
Genetic toxicology of oxygen. Mutat. Res. 219, 193-208
oxygen metabolism. Proc. Natl. Acad. Sci. USA 77, 1763-1767
(1980).
(1989).

Published by ScholarWorks@UMass Amherst, 2014

11

